Visual exploration of clouds of data points is an important application of virtual environments. The common goal of this activity is to use the strengths of human perception to identify interesting structures in data, which are often not detected using traditional, computational analysis methods. In this article, we seek to identify some of the parameters that affect how well structures in visualized data clouds can be identified by a human observer. Two of the primary factors tested are the volumetric densities of the visualized structures and the presence/absence of clutter around the displayed structures. Furthermore, we introduce a new approach to glyph visualization-constant visual angle (CVA) glyphs-which has the potential to mitigate the effect of clutter at the cost of dispensing with the common real-world depth cue of relative size. In a controlled experiment where test subjects had to locate and select visualized structures in an immersive virtual environment, we identified several significant results. One result is that CVA glyphs ease perception of structures in cluttered environments while not deteriorating it when clutter is absent. Another is the existence of threshold densities, above which perception of structures becomes easier and more precise. 
INTRODUCTION
Visualization of abstract data to make sense of it to humans is an old idea. In Tufte [2001] , the discipline is regarded as having originated in the late 18th century. Much more recently, the use of computers and advances in computer graphics and virtual reality technology has allowed visualization forms that were completely infeasible in the past. Today, it is possible to view data visualizations from any conceivable angle, using any desired projection of the data, all in real time. The real-time nature of
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Fig. 1. Two versions of the same 3D scatterplot viewed from the same position and orientation: using the proposed CVA glyphs (left) and using traditional perspective glyphs (right). With CVA glyphs enabled, the blue, box-shaped structure appears through the yellow clutter while remaining hidden and imperceptible using traditional glyph rendering. The screenshots are taken at a distance (approximately 1m) from the structure, where the use of CVA glyphs is beneficial. At greater distances, traditionally rendered glyphs will feature less occlusion than their CVA counterparts.
computer visualizations also opens the possibility of interacting with the data. Examples of possible interactions are marking regions of interest, annotating data, or masking out undesired parts of the visualization. Including a human in the process of data analysis is based on the idea that the strong pattern recognition skills of human visual perception can be combined with expert knowledge of the domain from which the data originated to discover interesting patterns and structures otherwise missed by conventional computer analysis. This process is often referred to as exploratory visual data mining.
One common approach to data visualization is to map a subset of the variables of the records in a database to the visual attributes of small objects called glyphs. Thus, each observation in the dataset becomes a glyph in the visualization. The visual attributes of glyphs can be 3D position, color, size, shape, texture, and so forth. Glyph-based visualization of arbitrary data in real-time virtual environments is addressed in Nagel [2005] , Feng et al. [2009] , and Ropinski et al. [2011] . Although many other types of data visualization exist, such as volumetric rendering based on voxels [Kratz et al. 2006] or surface visualizations based on polygons or splats [Zhang and Kaufman 2006] , the issues addressed in this article are aimed at 3D glyph-based visualizations. In a comprehensive survey of perceptual issues related to visualizations, Ware [2004] notes that little investigation has been made on the human perception of points and structures in 3D scatterplots. A search of literature on the subject reveals that although some work has been made since Ware's survey, there still seems to be many unexplored areas. Since a 3D scatterplot is typically the type of plot produced by a 3D glyph visualization, it seems relevant to study some of the parameters that may govern how well a human can perceive structures in such visualizations. In this article, a structure specifically refers to a contiguous 3D structure made up from a set of discrete glyphs by their placement in 3D space. This interpretation of 3D glyph placement is in line with Ropinski et al. [2011] .
The presence of undesired glyphs, or clutter, around a structure is a condition that must be expected in 3D scatterplots created from most real-world datasets. Thus, occlusion caused by clutter becomes a frequently encountered problem, as demonstrated in the right part of Figure 1 . In an attempt to diminish this problem, we introduce and test a new way of rendering glyphs, referred to as constant visual angle (CVA) glyphs. Briefly explained, a CVA glyph is a 3D glyph that, when fully visible, is rendered such that it always covers the same amount of pixels on the screen and hence approximately the same visual angle, regardless of the distance from the viewer to the glyph. The rationale and technical details of CVA glyphs are explained in Section 3. The three parameters studied in this work are therefore (1) the volumetric density of the glyphs in the scatterplot, (2) the presence/absence of clutter that obscures the view of a structure, and (3) the use of CVA glyphs to diminish the adverse effects of clutter. The study will attempt to characterize the perception of the visualizations both from an objective and a subjective perspective. This approach allows us to understand if any subjective, perceptual differences reported by subjects can also be objectively measured.
This article is structured into six main sections. Following the Introduction, a short review of related works is presented in Section 2. Then, an in-depth walkthrough of the concepts and theory of CVA glyphs is given in Section 3. In Section 4, the hypotheses and design of the performed experiment is explained in detail. The results of the experiment are given in Section 5. Finally, a discussion and conclusion is given in Section 6.
RELATED WORKS

Visual Data Mining
Visual data mining (VDM) is a frequently studied area of scientific visualization. The collection of papers by Simoff et al. [2008] gives a good overview of recent work in this field. The concept of serendipity-that is, the human ability to discover something useful even when not looking specifically for it-plays an important role in exploratory VDM. In Granum and Musaeus [2002] , the concept is explained in a VDM context. Interestingly, it is noted that the concept of perceptual grouping is important in VDM. Perceptual grouping is the tendency of human perception to group similar items into larger groups or structures and to focus on the structure rather than its individual, constituent objects. Perceptual grouping is treated in-depth in Treisman [1982] . The ability of perceptual grouping is closely related to the well-established Gestalt laws introduced in the early 20th century [Koffka 1935] . A more recent review of Gestalt laws is found in Ware [2004] . If the overall shape of a structure is sufficiently simple, it is also known as a geon [Irani and Ware 2003; Biederman and Gerhardstein 1993] . Geon structures are readily and immediately recognized by the human perceptual system, independent of viewpoint, as demonstrated in Biederman and Gerhardstein [1993] , which makes them attractive for experiments with glyph-based visualizations. In this article, a box-shaped geon is used as the target structure in all experiments. Thus, a glyph visualization method that actively supports and reinforces perceptual grouping should have an advantage over one that does not do so. This observation is influential in the design of CVA glyphs.
In Granum and Musaeus [2002] , some guidelines for visual parameters that can be associated with glyphs are also given. A distinction between static and dynamic attributes is made, with static attributes being those that do not vary with time. Dynamic attributes, on the other hand, are those that do vary with time, thus constituting different modes of motion, or animation, of the glyphs. In Nagel et al. [2008] and Nagel [2005] , the authors describe the implementation of a framework for exploring 3D scatterplots in immersive virtual environments using both static and dynamic glyph attributes. However, they do not seem to have considered the possibility of improving on the perceptual grouping aspect by changing the rendering method of the glyphs. The main design consideration with respect to rendering of glyphs in these works seem to be performance related, in that only tetrahedral glyphs are used-that is, the simplest possible, closed 3D polygon surfaces. Another method for rendering glyphs is known as splatting [Krüger et al. 2005; Feng et al. 2009 ]. Using splatting, glyphs and other objects are rendered using small images, called splats, instead of meshes of triangles. In Feng et al. [2009] , splats are used in 3D scatterplots instead of mesh-based glyphs to present multivariate datasets using a method referred to as scaled data-driven spheres. Rendering splats instead of mesh-based glyphs is closely related to the CVA method presented in this article.
Other approaches to glyph-based visualization than those based on small 3D objects of fixed shape in a scatterplot have been studied in Forsell et al. [2006] . In that paper, a method for rendering glyphs as a continuous 2D surface is presented. With this type of glyph rendering, each glyph becomes a tile on a 2D grid, where the properties of the glyphs are represented as surface curvature, color, and shape. Mazeika et al. [2008] present a method of turning the glyphs in a 3D scatterplot into a plot of continuous isodensity surfaces. The rationale of doing this is to increase the perception of large-scale structures in the data at the cost of removing the individual observations. In VDM terms, this means that the computer makes the perceptual grouping analysis that normally would be the human observer's task. As will be explained in Section 3, CVA glyphs have the potential to offer a view of both overall structures and individual observations, depending on the user's movements.
In a comparative study of user performance in different types of virtual environments [Qi et al. 2006] , the results indicate that typical VDM tasks such as recognizing different glyph shapes and regions of high glyph density are more difficult using head-mounted displays (HMDs) than in fish tank VR-type displays. The authors speculate that this is caused by a lack of overview and a consequently higher mental load when using the HMD. This indicates that the tasks performed by our participants, who also use a HMD, may be difficult if no support through overview is given. However, as mentioned earlier, the fact that CVA has the potential to provide both overall structure and details may mitigate this effect. However, no comparison with other display systems will be made.
In Wang et al. [2010] , a user study based on glyphs rendered using point sprites is presented. This is a technique that can also be used to render CVA glyphs. The authors, however, seem to have completely overlooked the potential perceptual benefits of such glyphs. Instead, they remove the CVA aspect of the glyph rendering to make a more realistic visualization. The main focus of the study is on the ability of users to identify and point out maxima and minima in a volumetric visualization of regularly grid-sampled temperature distributions, depending on parameters such as glyph size and density, and background environment. Their motivations for using point sprites is not stated, but it is probably a pure computer performance consideration, such that more glyphs can be rendered at the same computational cost. In the experiment described in Wang et al. [2010] , the users viewed the visualization in 3D stereo on a projection screen without the ability to change their viewpoint much. For instance, it was impossible for the user to move into or away from the cloud of glyphs, which is exactly the mode of navigation that reveals the benefits of CVA glyphs. For these reasons, we claim that the VDM potential of CVA glyphs has been unexplored prior to the study presented in this article.
Managing Clutter in 3D Data Visualizations
Currently, there are several strategies for managing glyphs that obscure the view of a structure of interest in a 3D visualization. The first one is to remove unwanted glyphs from the visualization. This can be done interactively, such as by letting the user place additional clipping planes using his or her hands. The clipping plane approach is used in Wang et al. [2010] and Zudilova and Sloot [2003] . If the user-controlled clipping planes form a closed volume in space, a 3D region of interest is created, which is also known as a 3D magic lens [Viega et al. 1996] . User-controlled clipping planes are frequently used with medical datasets to see an arbitrary slice from a 3D dataset, such as in an MRI scan. Another possible approach to occlusion management through clipping planes would be to move the virtual camera's near clipping plane suitably far away from the viewer, such that any clutter in between the viewer and the near clipping plane is culled from the visualization. Compared to CVA glyphs, this approach shares the common attribute that it provides a viewpoint controlled clutter management method. However, moving the near clipping plane away from the user would not add any of the reinforced perceptual grouping benefits that CVA glyphs provide. Instead, it would likely provide a more realistic experience than CVA glyphs, because it does not affect or remove any of the common, natural depth cues. The idea of modifying camera parameters to deal with occlusion from clutter in 3D has been studied in Elmqvist and Tsigas [2007] . There, they propose to let the user switch between using a realistic perspective and a parallel (orthographic) mode of projection to manage clutter. This idea is similar to CVA glyphs. However, CVA glyphs make simultaneous use of the two projection methods, instead of having two separate projection modes that the viewer must switch between. It is exactly this simultaneous mixture of projection modes that may reinforce perceptual grouping when using CVA glyphs.
Another approach to dealing with clutter is to make the glyphs semitransparent. This approach has the advantage of showing the clutter and the structure together. However, it diminishes the ability to assign visual attributes to the surface of the glyphs, such as texture and shape. Furthermore, if a perceived structure is related to the colors of the glyphs, the colors experienced by the user will be a mixture of the clutter's and structure's colors, which may possibly be confusing. Splatting relies heavily on the use of semitransparency to render discrete point sets as continuous-looking surfaces [Westover 1991; Zwicker et al. 2001] . The rendering method used for the CVA glyphs in this article, as stated earlier, is closely related to splatting.
A third approach called distortion mapping [Carpendale et al. 1996 ] makes a user-controlled geometric distortion of the 3D space, which pushes away glyphs far from the user's hand/cursor while condensing those nearby. The effects of distortion mapping are similar to CVA glyphs. However, with distortion mapping, nearby glyphs may still occlude the entire field of view (FoV). Furthermore, it requires the inclusion of a cursor or hand tracking into the virtual environment. This is not needed with CVA glyphs, as they are viewpoint controlled.
Yet another approach is simply to avoid 3D altogether and map all data variables to the properties of 2D objects or brush strokes [Forsell et al. 2006; Healey et al. 2004] . The use of 2D brush strokes is presented in Healey et al. [2004] , where a nonphotorealistic visualization method is used for producing artistically inspired 2D visualizations from multivariate datasets. Removing the third dimension from the visualization can potentially eliminate all clutter. However, at the same time, it excludes the use of the third dimension as a useful visualization parameter. Excluding the use of the third dimension in data visualizations can be misleading to humans, as demonstrated in Shah and Carpenter [1995] . The methods presented in this article are specifically aimed at 3D visualization contexts. As will be explained in Section 3, CVA glyphs offer a different way of mitigating the adverse effects of clutter compared to the methods presented previously.
Interactions with 3D Scatterplots
The common interactions with a 3D scatterplot, like the interactions in most other applications of virtual environments, fit into the categories of navigation, selection, manipulation, or system control [Bowman et al. 2005] . There are, however, a couple of specialized versions of selection tasks that are frequently made in VDM applications: (1) brushing and linking and (2) multiple object selection (MOS). A prerequisite for both of these important interactions in VDM contexts is the ability to recognize structures. Brushing and linking is the activity of selecting and highlighting (called brushing) a subset of the glyphs in the current projection of the data to see what this highlighted subset looks like under different projections of the data, thereby linking an area of interest across several plots of the same dataset. The technique was introduced in Buja et al. [1991] . A more recent example of application of brushing and linking is presented in Isenberg and Fisher [2009] .
Whereas selection tasks traditionally deal with indicating a single object of interest in a virtual world, MOS, or volumetric selection, involves the same task applied to a set of objects. This is an important task, which enables interactions such as brushing and linking as described earlier. The task given to the subjects in the experiment documented in this article amounts to a MOS-type task. In a study by Ulinski et al. [2007] with experimental factors similar to the ones investigated in this article, semitransparent splats were used for rendering the glyphs. Ulinski's study showed that the MOS performance of the participants was adversely affected by the presence of clutter. Furthermore, the results showed that correct selection was more difficult when the target splats were sparsely spread out in space instead of being densely clustered. No quantitative interpretation of the terms sparse and dense was given, nor were any intermediate density levels tested.
In a volumetric selection task, where users had to select an entire 3D object with all of its associated polygons [Zhai 1995] , demonstrated that using a box-shaped, semitransparent selection volume called a silk cursor significantly increased selection accuracy compared to just having a wireframe version of the same selection box. For this reason, semitransparency will be used for the selection volume used in the experiments of this article.
THEORY OF CONSTANT VISUAL ANGLE GLYPHS
Definition
A central contribution of this work is the introduction of the CVA glyph. A CVA glyph is a 3D glyph like any other, except that its projected size does not change as the viewpoint moves closer or farther away. This implies that the perspective foreshortening experienced in real life does not affect the projected size of CVA glyphs, which is much like the effect gained by rendering objects using orthographic projections. The immediate consequence of this can be expressed in two ways:
(1) CVA glyphs have a constant screen space size measured in pixels, independent of the viewing distance. (2) CVA glyphs cover an approximately constant solid angle of the viewer's FoV, independent of the viewing distance.
Both of these immediate consequences are only true if a glyph is not occluded or outside of the FoV, in which case the glyph will be partially, or entirely, invisible, thus reducing its pixel coverage/visual angle. In addition, the visual angle is only approximately constant if viewed at a reasonable FoV. For instance, if viewed using a large-perspective FoV, then the visual angle covered by a glyph will be significantly smaller at the periphery than at the center of the FoV. Objects with the CVA property have also been been rendered prior to this work, such as the text labels presented in Polys et al. [2011] . Indeed, any visualization based on point sprites without perspective size correction has the CVA property. However, making active use of CVA as a beneficial property assigned to 3D objects (i.e., not just billboards of text) in a VDM context has not been the subject of previous study. The definition of CVA glyphs given previously has several implications. Some of these are related to the human perception of a visualization of CVA glyphs. Other implications concern the technical implementation of CVA glyph visualizations. These two areas of consequences are treated in the two following subsections.
Perceptual Implications of Constant Visual Angles
When perceiving the real world, we are used to the effect of the visual angle of objects increasing as we move in closer and vice versa as we move farther away. This effect is physically caused by the perspective transformation produced by the lens and retina of the human eye. However, since real-world objects generally do not change their physical size as we change our distance to them, the Fig. 2 . The consequence of CVA objects. The two objects, A and B, cover the same visual angle of the viewer. However, A and B are placed at different distances from the viewer. If the viewer is able to perceive this depth difference due to other depth cues than relative size, the logical consequence must be that A is smaller than B, as shown in the figure. Furthermore, if the viewer moves closer to A and the visual angle of A remains constant, then the physical size of A must be decreasing. Conversely, A's physical size will be perceived to be increasing if the viewer moves away from A, and the visual angle remains constant.
perceptual interpretation of this phenomenon is that an object's perceived size is constant, although its visual angle varies depending on the viewpoint. This fact is known as the size-distance invariance hypothesis [Blessing et al. 1967 ], a relation also expressed in Emmert's law [Emmert 1881 ]. The fact that perceived size is generally constant means that the visual angle covered by an object can be used to judge the distance to the object. This is often known as the relative size, or size gradient, depth cue.
With CVA glyphs, the visual angle remains constant, and hence the relative size depth cue will not work. Instead, the most likely inference about a CVA glyph's perceived size is that it must be changing as the viewer moves to accommodate its visual angle remaining constant. For instance, when moving closer to a CVA glyph, it will appear to become smaller and vice versa when moving farther away. This is shown in Figure 2 . As such, CVA glyphs can be predicted not to conform to the size-distance invariance hypothesis.
Since relative size is no longer a meaningful depth cue with CVA glyphs, it is interesting to investigate how other depth cues are affected. Necessarily, some depth cues should remain unaffected for users to be able to make any sense of the 3D structure of a CVA glyph visualization. In a VDM context, it is worth noting that size can still be used as a meaningful glyph attribute. This is true because CVA glyphs can be assigned different but constant visual angles depending on the data variable mapped to the size attribute. For example, some glyphs can be chosen to always cover 200 pixels and others 100 pixels in the same visualization.
3.2.1 The Linear Perspective Depth Cue. One important observation to make about CVA glyphs is that the CVA property only affects individual glyphs. As such, the position of each glyph in a cloud can still undergo the usual perspective transformation. This has two important consequences:
(1) The linear perspective depth cue still works on the overall structure of a cloud of CVA glyphs.
Vanishing points will still exist in the visualization, and the overall structures of the cloud will be transformed as humans are used to from everyday life. For instance, far-away glyph clouds will cover less screen space than nearby clouds. (2) From a VDM point of view, 3D position is still a meaningful visual attribute to assign data variables to.
When the familiar linear perspective depth cue is combined with the CVA property, two potentially very useful viewing properties are created: the clutter-dispersion property and the structuresolidification property.
• R. Stenholt   Fig. 3 . A CVA glyph cloud with the clutter-dispersion and structure-solidification properties illustrated. Yellow glyphs are clutter, and blue ones are structure. Note that all glyphs are the same size in pixels across all four images. (A) The cloud is viewed at such a large distance that none of the blue structure is revealed. Instead, the clutter appears solid. (B) Moving closer to the cloud reveals the blue structure, relatively unobscured by the clutter. This situation also represents a sweet spot, where clutter dispersion and structure solidification are both helping. (C) Standing inside a structure causes it to spread out and become imperceptible. (D) Moving away from the structure causes it to solidify into a recognizable shape.
The clutter-dispersion property. As a viewer moves closer to a CVA glyph cloud, the positions of the glyphs will spread out in the FoV due to linear perspective. However, the individual glyph's pixel coverage will not increase due to the CVA property. Thus, nearby CVA glyphs will not begin to fill out the entire FoV, thereby avoiding occlusion of the view of whatever is behind them. The problem of not having CVA glyphs was illustrated in Figure 1 . This means that any structure that is currently obscured by clutter can be cleaned of the clutter by simply moving in closer. This feature seems attractive, as almost any viewing environment will offer some means of navigation/viewpoint manipulation. In many immersive virtual environments, this navigation becomes extremely natural because it can be achieved by moving the head or body naturally. The viewer will often be able to select some viewing distance, where the clutter glyphs between the viewer and the structure have spread out so much that the structure displayed behind them appears relatively clutter free. This property is illustrated in Figure 3 (a) and (b). The main caveat is that the clutter and the structure have to cover more or less disjoint subsets of 3D space-that is, some boundary between clutter and structure should exist. If the clutter and structure overlap too much spatially, both will spread out simultaneously.
The structure-solidification property. If, on the other hand, the viewer is placed in the middle of what is believed to be a structure of interest, it is possible to move away from the structure until it appears to solidify in the FoV. This property exists because linear perspective will decrease the on-screen distance between glyphs as you move away from them. However, since CVA glyphs retain their pixel coverage, the structure glyphs will eventually touch and overlap inside the FoV, creating the impression of a large, connected structure. Thus, the structure-solidification property supports the perceptual grouping aspect of human structure recognition previously mentioned in Section 2.1. The solidification property is illustrated in Figure 3 (c) and (d). Without CVA, the glyphs would simply become increasingly smaller and not solidify into a structure. As was the case with the clutter-dispersion property, it is a requirement that structure and clutter do not overlap too much in 3D space. The advantages of the clutter-dispersion and the structure-solidification properties can often be combined. This happens if the viewer finds a sweet spot, where the distance to the structure both causes the clutter to spread out and the structure to solidify at the same time. Such a sweet spot is illustrated in Figure 3 (b).
3.2.2 Other Depth Cues. One powerful depth cue that is completely unaffected by the CVA property is occlusion. For instance, the CVA property does not prevent nearby glyphs from occluding distant ones. However, correct occlusion depends on the geometry of the CVA glyphs to be well defined relative to the other glyphs and geometry in the scene. That is, the CVA must be transformed into a meaningful, physical size in the space of the scene. One approach to achieving this is presented in Section 3.3.
Correct occlusion is likely to be quite important for precise interactions with the glyphs in the cloud, as the user can then rely on occlusion between glyphs and interaction objects such as 3D cursors or selection rays. Depth inferred from shading and cast shadows is also possible with CVA glyphs. As with occlusion, the surface geometry of the glyphs must be well defined to make correct shading and shadows.
Since correct perspective transformation of the positions of individual glyphs is possible, the depth cue gained from parallax caused by self-motion is present as well. According to Ware [2004] , structure from motion is likely to be a strong cue when perceiving structures in 3D scatterplots. For example, this observation is utilized in spin techniques for desktop viewing of scatterplots, where the plot will continuously spin around some axis [Donoho et al. 1988] . Since both shading and correct perspective transformation of positions in space is possible, depth at short distances can also be inferred from stereoscopic viewing. In the experiment documented in this article, the use of a motion-tracked, stereoscopic HMD will ensure that the user can take advantage of all of the depth cues mentioned earlier, with the exception of cast shadows, which was not implemented in the visualization software used for testing.
3.2.3 Depth Cues and Viewing Distance. The strength of the relative size cue is known to increase with viewing distance [Cutting and Vishton 1995] . This fact is of interest because the relative size cue is the only cue affected by the CVA property. In Cutting and Vishton, a distance-dependent hierarchy of depth cues is given. These authors present a split of 3D space into three distinct sections, referred to as personal space, action space, and vista space. The experiments of this work take place mainly in personal space, which roughly corresponds to objects that are within reach of a stationary observer. In personal space, the relative size cue is dominated by the cues of occlusion, stereoscopic viewing, and motion parallax. This implies that for visualizations displayed in personal space, the lack of the relative size depth cue may very well be an acceptable trade-off for the added clutter-dispersion and structuresolidification properties of CVA. The larger the distance to the visualized structures, the less acceptable this trade-off will probably be-at least if correct inferences about depth and 3D structure are desired. The conclusions of this article should therefore be viewed in the context that the experiments took place in personal space.
Implementation Options
There are two options when implementing CVA glyphs in a visualization:
(1) Use a polygonal representation as with most other geometry rendered by a GPU. (2) Use point sprites (i.e., images of the glyphs) in the rendering.
For several reasons, the latter option seems much more attractive than the former one. First of all, the CVA property comes for free if point sprites are just naïvely rendered without doing any sort of depth-dependent size correction, such as with the correction outlined in Gross and Pfister [2007] . This is true because a point sprite is simply a fixed-size texture image that is copied by the rendering pipeline's rasterizer to the screen space positions of the desired set of vertices. That is, each visible vertex becomes a copy of the sprite image on-screen. Since the pixel size of the sprite is fixed, glyphs rendered in this way are automatically CVA.
If the same result is to be achieved with polygon-based objects, then each object would have to have a unique depth-dependent scaling transformation applied for each frame to make them always appear with the same screen space size. Moreover, depending on the shape, size, and viewing angle of the glyphs, the parameters of this scaling may only be possible to compute by doing a separate render pass for each glyph to find its current screen space extents. This would be unattractive from a computational point of view. An alternative would be to render the glyphs using an orthographic projection. However, this would ruin the clutter-dispersion and structure-solidification features, as these features depend on perspective projection. Using point sprites also has the advantage of only requiring one vertex per glyph to be processed in the vertex and geometry stages of the rendering pipeline. Using even a simple shape like a tetrahedron would require four vertices per glyph to be processed.
The disadvantage of using point sprites is that the variety of glyph shapes that can be used is quite limited, provided that the goal is to have the glyphs appear as a true 3D objects instead of flat 2D billboards. If the shape of the glyph does not feature full rotational symmetry, then each sprite will require a different view-dependent texture for each frame rendered. This is also quite unattractive from an efficiency point of view. For this reason, spheres are probably the only shapes that are currently practical to implement as CVA glyphs. Thus, glyph shape is not a viable visual attribute to use in VDM contexts using CVA glyphs. In fact, this seems to be the main immediate drawback of using CVA glyphs. The only other significant limitation seems to be that the missing relative size cue of CVA glyphs may be unacceptable to human viewers. Investigating the latter issue is one of the aims of the experiment of this work.
With spheres, the sprite image becomes identical across all glyphs and rendered frames. Thus, it becomes very simple to compute the surface geometry of the glyphs needed for correct shading and occlusion. The only outstanding issue is to compute the perceived radius of each sphere, depending on its current depth. This can be done simply in a vertex shader by reversing the formula usually used for approximating the on-screen size of spherical point sprites to appear as if they had undergone regular perspective transformation. The formula is presented here and on page 277 of Gross and Pfister [2007] :
The version of Equation (1) on the right-hand side is the one of main interest here. r is the perceived radius that would currently result from a sphere of pixel diameter s, if the sphere were viewed at a distance of p z with a vertical screen resolution of h pixels, using a perspective projection with top, bottom, and near clipping plane parameters t, b, and n.
Thus, the formula provides the information needed to precisely tell where the sphere boundary is in relation to the sphere center, and in relation to all other geometry. This information can then be passed to a fragment shader, which takes care of making correct per-pixel shading and depth testing for the glyphs. As mentioned in Section 3.2.2, getting this correct is necessary to get the depth-from-shading and depth-from-occlusion cues to work.
One final point to note about the technical implementation of CVA glyphs using points sprites is that it is computationally much more attractive than the alternative of using semitransparency to see through clutter-that is, splatting. This is because semitransparency implemented using alpha blending can only be correctly rendered if all glyphs are depth sorted on a frame-by-frame basis, or if multipass techniques or exotic frame buffers, such as A-buffers [Carpenter 1984] , are employed. Currently, no graphics card with an A-buffer exists. No expensive depth sorting is needed for opaque CVA glyphs.
EXPERIMENT
Experimental Method and Hypotheses
As stated previously, the experiment is designed to take place in personal space, as this is the location where CVA glyphs have the greatest potential to work well. The goals of the experiment can be expressed through some research questions. One goal is to investigate the usefulness of CVA glyphs for structure recognition purposes. In this context, it is of particular interest to investigate the following questions:
(1) How well can people perceive structures using CVA glyphs compared to regular glyphs? (2) How does the presence of clutter affect user performance with and without CVA glyphs? (3) Under what conditions, if any, are CVA glyphs beneficial to use?
From these questions, a couple of testable hypotheses can be stated, which forms part of the basis of the design of the experiment: H1: CVA glyphs will provide better structure perception and structure reproduction performance than regular glyphs in cluttered environments. H2: CVA glyphs will not pose a problem to the perception and interactions of the users compared to regular glyphs.
Hypothesis 1 is justified by the fact that CVA glyphs have the potential of dispersing clutter, as described in Section 3.2. Furthermore, if the user can find a sweet spot from which to view the visualization, the structure of interest should solidify while remaining relatively unoccluded by clutter. None of this will happen with regular 3D glyphs.
The justification of hypothesis 2 is twofold. Although CVA glyphs are missing the natural relative size depth cue, the amount of other depth cues present is still large. Furthermore, the experiment will take place in personal space, where the relative size cue is of less importance. The structuresolidification property may also compensate for the depth perception lost due to the missing relative size cue in some cases. This is true because structure solidification may help stimulate the perceptual grouping aspect of human perception, which is something that will not happen with regular glyphs.
A secondary objective is to investigate various density levels of the presented glyphs. This is necessary because the statements made in the first two hypotheses can only be reasonably expected to be true, if there are sufficiently many glyphs present to form any structure at all. The work of Ulinski et al. [Ulinski et al. 2007; Ulinski 2008 ] supports this as a necessary parameter, as they already identified that there is a significant difference in selection performance in sparse and dense clouds of splats. However, it seems important to reinvestigate this result in terms of quantitative density levels. Therefore, the necessary research questions about density must be as follows:
(1) Where is the lower density threshold, if any, that makes perception of structures difficult or even impossible? (2) Where is the upper density threshold, if any, that makes structure perception trivial? (3) How does the use of CVA glyphs interact with these density thresholds-that is, do the thresholds change if CVA glyphs are used?
These questions can also be rephrased as testable hypotheses:
H3: There exists a lower threshold below which structure perception becomes difficult and structure selection performance decreases. H4: There exists an upper threshold above which structure perception becomes easy and structure selection performance increases. H5: There is a statistically significant interaction between density and the use of CVA glyphs.
Hypotheses 3 and 4 can both be justified through the results of the experiments presented in Ulinski et al. [2007] and by observing that the importance of perceptual grouping must mean that to see a structure, there must be enough glyphs present to visually form a structure. The solidification property justifies why hypothesis 5 should be correct. The possibility of CVA solidification should mean that structures can be perceived as continuous surfaces at lower density levels than without CVA.
4.1.1 Experimental Factors. From these hypotheses, the factors of the experiment can be identified as such: -Density of the structure glyphs, measured in glyphs/m 3 . This factor has five levels: 1,000 to 5,000 to 10,000 to 50,000 to 100,000. These specific levels were chosen because they clearly show differences when inspected on a regular screen. The upper limit of 100,000 was chosen, such that the structure is fairly straightforward to see while still allowing reasonable frame rates (approximately 20 to 25 fps) on the available hardware platform. The lower limit of 1,000 is chosen since it is judged to be difficult to see any structure to the glyphs at this level. Thus, any upper and lower structure shape detection thresholds should be located somewhere in the chosen range.
-Clutter is a two-level factor with the levels "yes" and "no" depending on the presence (yes) or absence (no) of clutter. The amount of clutter scales proportionally to the density of the structure, such that there is always four times more clutter glyphs than structure glyphs. However, the clutter glyphs are always spread out over a larger volume of space around the structures, effectively producing a clutter density of around 20% of the structure density. -CVA is another two-level factor with the levels "yes" and "no" depending on the use of CVA glyphs (yes) or regular glyphs (no). In cases where CVA glyphs are not used, the on-screen radius of the glyphs will change in the natural way, as described in the left-hand version of Equation (1).
This implies that the experiment is going to be a three-way factorial design with 5 × 2 × 2 = 20 unique experimental conditions. To collect more data from the participants, the experiment is carried out using a within-subjects design with replication. A small pilot experiment was performed, revealing that two replications of each condition were achievable in 1 to 1.5 hours per participant, which was judged to be reasonable. Having two replications means that each participant will go through a total of 40 trials. An overview of all test conditions is summarized in Table I. 4.1.2 Task and Response Variables. The task to be carried out by the user is closely related to the desired response variables that we wish to measure. The task in all trials is as follows. The participant is presented with a structure rendered as blue glyphs. If the scenario also involves clutter, then the clutter glyphs will be yellow. The choice of colors is based on getting good contrast between structure and clutter. The task of the user is then to first explore the glyph cloud to locate the structure and then to reproduce the shape of the structure in situ by indicating three of its extreme points. This implies that the task given is not just a perceptual one but rather a full loop of perception followed by action. This scheme allows for several response variables-objective and subjective-to be measured. Without the indication of extreme points, only subjective measurements of the structure perception performance could be given. The positions of the participant's hands were marked by spherical 3D Fig. 4 . A screenshot from one of the trials with 10,000 glyphs/m 3 and CVA enabled. The green (structure) and red (clutter) glyphs are those currently selected by the semitransparent, user-created box. The user-controlled cursors are represented by small cyan and magenta spheres. The cyan cursor is seen in the lower right foreground of the image.
cursors rendered using regular perspective projection. The colors of the cursors were distinct (magenta and cyan) from the colors used on the glyphs (blue, yellow). One of the cursors can be seen as a cyan sphere in the foreground of Figure 4 .
To be able to get reliable, quantitative results about the reproduction of a structure, the structure shape needs to be one that is both simple to recognize and reproduce. For this reason, we have chosen that the structure in all cases is a random 3D box featuring all possible nine degrees of freedom (DoF). That is, the structures are randomly translated, rotated, and scaled boxes made up from discrete 3D glyphs. The possible box volumes are constrained to manageable sizes, their dimensions being forced to lie between 25 and 75 cm. This choice is also well in line with the notion that the task should take place in personal space. Thus, the task of the participants is to create the perceived, minimal oriented bounding box (OBB) [Ericson 2005 ] around the blue structure glyphs. The reasons for this choice are as follows:
(1) Since 3D boxes are geons, they are well known and recognizable to most people. (2) 3D boxes have enough DoF to be nontrivial to reproduce-in other words, you have to know the locations of the faces and corners of the box to have perceived it correctly and subsequently be able to reproduce it accurately. (3) Effective and precise 3D box construction interaction techniques exist, such as hand on corner (HOC) introduced in Ulinski et al. [2007] or three corners (3C) introduced in Stenholt and Madsen [2011] . The latter is chosen since it has been tested to be more precise than HOC. Specifically, the technique presented as 3 + 3 + 3 DoF 3C is employed. Briefly put, this means that the user creates a box by indicating three corners on the desired box, pointing them out one at a time. See Stenholt and Madsen [2011] for more details on 3C techniques. (4) It is possible to quantitatively measure the difference between two boxes [Stenholt and Madsen 2011 ].
An alternative approach to the experiment would be to include different classes of 3D structures (geons), such as spheres, tetrahedrons, and cylinders. However, we have chosen not to do so for several reasons. First of all, this would add an additional multilevel factor to the experiment, which would increase the number of unique test conditions to an unmanageable amount for this experiment. Second, immersive virtual environment versions of construction techniques for most other shapes do not seem to have been extensively studied in literature, making efficient, standardized production of them a study of its own. Finally, one may may conjecture that the findings of an experiment with box structures may generalize to other structures-at least to those of comparable complexity, such as with a comparable amount of DoF and symmetry.
Considering that we wish to understand the difficulty of perceiving structures, both from an objective and a subjective viewpoint, the following response variables were chosen: -Box error: The box error is an objective, metric measurement of the difference between the correct and the perceived, user-created box. It is measured in meters. The metric is computed as described in Stenholt and Madsen [2011] . -Perception difficulty: This is a subjective measurement. The user is asked how difficult it was to perceive the minimal bounding box of the structure on a scale from 1 (trivial) to 10 (impossible). -Selection difficulty: Reproducing the box structure in situ effectively amounts to a MOS task, where the user selects the glyphs in the structure using a tightly fitting box. The user is asked how difficult it was to reproduce the box structure on a subjective 1 to 10 scale like the one mentioned earlier.
-Selection sensitivity:
In selection experiments, the sensitivity is often used as a measure of quality.
In this context, the sensitivity is the ratio of the number of selected structure glyphs to the total number of structure glyphs. This is an objective, quantitative measurement. It does not necessarily correlate with the box error, as the whole structure can be selected by many different boxes. Thus, any deviation from the minimal bounding box will adversely affect the box error, although not necessarily the sensitivity. -Completion time: The completion time of each trial is also measured as an objective response variable. Although the hypotheses do not deal explicitly with completion time, it is nonetheless interesting to see if there are any differences between the test conditions with respect to speed.
The clutter and structure glyphs are spatially placed such that the structure is completely embedded inside a spherical cloud of clutter. The spherical shape ensures that no inferences about the shape of the structure box can be made from the shape of the clutter. However, the structure volume must at the same time be completely free of clutter, allowing the user, in principle, to make a perfect selection of structure glyphs. To help the participants' perception of the volume covered by their currently created box, the color of structure glyphs changes from blue to green when selected. Similarly, false positives-that is, selected clutter glyphs-change from yellow to red once selected. This produces an alternative way of judging the current correctness of the constructed box by maximizing the amount of green glyphs and minimizing the amount of red ones. An example illustration from the experiment is shown in Figure 4 . The virtual room was designed to fulfill several purposes. First of all, the dimensions of the virtual room corresponded approximately to the dimensions of the physical room in which the experiment was conducted to discourage participants from walking into physical walls. Second, the room featured textured tiles to give additional depth cues, particularly linear perspective, to the participants about the surroundings of the structure. The textures used were kept in shades of grey to avoid any confusion with the colors of the glyphs. A portion of the virtual room is seen in Figure 3 .
The final consideration to make is the sampling strategy for the structure box. The glyph structure must necessarily have the sampled target box as its minimal bounding box. Otherwise, the ground truth to measure the box error against disappears. This means that either four glyphs must always be placed at four noncoplanar corners of the box, or that some glyphs must be placed on each face of the box. We have chosen the latter approach because pilot tests revealed that always having four box corners explicitly represented as glyphs was too conspicuous. It made the box shape identification a Fig. 5 . The HMD and mice used in the experiment. The HMD and both mice are fitted with infrared reflective markers to be identifiable by the OptiTrack system. trivial task of indicating three already visualized locations in space, thus defeating the goal of finding density-level thresholds. The approach is therefore to always sample three glyphs on each of the six faces of the structure box. Apart from the 18 face glyphs, all other glyphs are randomly sampled from the entire structure's volume. Thus, there are no guarantees that the structure glyphs will be evenly spread out inside the volume of the box, such as could be achieved using sampling strategies such as n-rooks or Hammersley sampling [Suffern 2007 ]. The random sampling approach was chosen to best approximate the most likely conditions if the glyph positions had been mapped from an arbitrary real-world database. In any case, random sampling also represents the worst-case scenario for the purposes of human structure perception. Any kind of regularity in the positioning of the glyphs would most likely help in perceiving the correct structure.
Experimental Equipment
The experiment was performed using an nVisor SX111 HMD and a 24-camera OptiTrack setup for motion tracking. The HMD features a 66% partial overlap FoV of 102 degrees (horizontal) by 64 degrees (vertical). The HMD's resolution is 1280 × 1024 pixels per eye. The setup of the tracking system allows the participants to walk freely within a 2.25m radius from the center of the tracked space. Two offthe-shelf wireless presenter mice were fitted with tracking markers and used as interaction devices. All necessary actions-that is, indications of perceived box corners-were performed by clicking the left mouse buttons. The HMD and mice are shown in Figure 5 . All of the scene, including cursors, was rendered stereoscopically in the HMD.
The visualization software used was a custom-made OpenGL renderer running on a 32-bit Windows XP computer with an Intel Q8200 2.33GHz quad-core CPU and 4GB of memory. The motion tracking software was implemented using the NaturalPoint Tracking Tools API. The graphics card used was an nVidia GTX 285 GPU.
Experimental Procedure
Before doing any trials of the experiment, each participant answered a few demographical questions about age, gender, and prior 3DUI experience. Then, a brief explanation of the equipment followed to allow the participants to familiarize themselves with the adjustment options of the HMD and the left button position on the mice. All participants were made aware that they could request breaks or termination of the experiment at any time. After donning the HMD, the participants were presented with a few easily perceptible practice structures of high density to explain the procedure of each trial.
In connection with this, a short training session in the use of the 3+3+3 DoF 3C box shaping technique was given, where participants could practice replicating some easy box structures. Participants were also explained about the difference between blue structure glyphs and yellow clutter glyphs, as well as the color changes induced by selecting glyphs. During the experiment, the participants were standing up and allowed to walk freely within the confines of the tracking volume.
A total of 19 unpaid participants took part in the test-17 male and 2 female. However, two of the male participants had to quit the experiment during the training phase due to cybersickness. Thus, all further analysis is only based on the 17 participants who completed the entire experiment. In the present case, the 17 participants tried all conditions twice, so the sample size is 34 for all conditions. The collected dataset represents 680 completed trials in total. All participants were recruited at the local university campus. The mean age was 28.5 years. The median 3DUI experience level reported on a subjective 1 (novice) to 5 (expert) scale was 2, meaning that the typical participant had experience with 3D computer games but not with advanced 3D viewing or interaction equipment such as the HMD used.
The instruction given to the participants was to approximate the minimal bounding box as well as possible in all cases. The participants were not made actively aware of the introduction of CVA glyphs prior to or during the trials. Thus, they remained ignorant of the peculiarities of CVA glyphs unless they noticed anything by themselves. Participants were allowed to restart individual trials if they felt that they had made a mistake when pointing out a box corner. In cases where the structure's bounding box was not perceptible, participants were instructed to make their best guess, nonetheless.
After the practice session, the actual experiment with logging of data began. The sequence of test conditions was randomized to avoid any possible bias induced by a fixed sequence. Both replications of the same test condition were in immediate sequence. All target structures were randomized on a trial-by-trial basis. After the two replications of each condition, participants were asked about their subjective opinion of (1) the difficulty of perceiving the bounding box around the blue glyphs and (2) the difficulty of reproducing the perceived bounding box, both on the previously mentioned 1 to 10 scale. As explained earlier, each participant tried all 20 test conditions twice. The test conditions are presented in Table I . On completion of all trials, an informal debriefing took place.
RESULTS
Preanalysis
All statistical analyses were performed using R [R Development Core Team 2011] , and a significance level of α = 0.05 was used in all tests. A preanalysis was performed to see if the data conformed to the requirements of ANOVA analysis-that is, independence, equal variance, and normality. Independence is secured by the fact that the trials were independently performed by different participants, as well as the fact that the sequence of the test conditions was randomized for each participant. However, Bartlett's and Levene's tests of equal variance reveal that the equal variance assumption is likely violated for all measured response variables. Although some controversy exists on the issue of robustness to violations of this assumption, recent literature on the issue, such as Norman [2010] , indicates that even quite large violations of ANOVA's assumptions do not lead to wrong conclusions in general.
Based on the conclusions of Norman [2010] , the relatively large total sample size of 680 trials, and a comparison of the outputs of a Friedman test (a nonparametric version of ANOVA) and a regular ANOVA, which revealed no noteworthy differences, we chose to go ahead with ANOVA regardless of the violations. All post hoc tests are made using Tukey's honest significant difference (HSD). The means and standard errors of the means for the box errors and subjective perceptual difficulty ratings for each tested condition are reported in Tables II through V. 1,000 5,000 10,000 50,000 100,000 1,000 5,000 10,000 50,000 100,000 Yes 6.94, 0.307 4.88, 0.342 3.88, 0.292 2.18, 0.161 1.82, 0.200 8.00, 0.260 7.65, 0.254 6.12, 0.279 5.18, 0.364 6.00, 0.422 No 7.65, 0.310 4.41, 0.216 4.59, 0.293 1.94, 0.140 1.88, 0.178 8.59, 0.216 6.94, 0.340 6.06, 0.375 6.65, 0.454 8.94, 0.345 1,000 5,000 10,000 50,000 100,000 1,000 5,000 10,000 50,000 100,000 Yes 5.94, 0.313 5.12, 0.337 4.47, 0.268 2.76, 0.250 3.21, 0.337 7.65, 0.391 7.35, 0.286 6.82, 0.306 5.94, 0.313 7.00, 0.435 No 7.47, 0.305 5.29, 0.303 4.59, 0.363 2.94, 0.301 2.82, 0.269 7.12, 0.321 6.65, 0.280 6.18, 0.410 7.76, 0.380 9.24, 0.341 We decided to apply variance stabilizing transformations on each of the response variables as outlined in Montgomery [2008] to improve the situation. However, we could not entirely fix the issue of equal variance for most of the response variables. The selection difficulty did not indicate any need for variance stabilization. The data analysis is based on the transformed responses. The following transformations were estimated from the data and applied to the box errors, δ, the perceptual difficulties, p, the completion times, t, and the sensitivities, s:
As a final preliminary analysis, a boxplot of the transformed variables reveals that, at least visually, there appears to be interesting differences among the tested conditions. As an example, in Figure 6 , the transformed box errors and perceptual difficulties are displayed grouped by condition.
Analysis
5.2.1 The Big Picture. A three-way within-subjects ANOVA analysis of the transformed box error reveals that all factors and interactions between two and three factors, except for the main effect of Fig. 6 . Box plots grouped by condition of box error (top), an objective measure of task difficulty, and of reported perceptual difficulty (bottom), a subjective measure of task difficulty. Note that the vertical axis in the box error plot is logarithmic. The left-most 10 conditions are all without CVA glyphs, whereas the right-most 10 conditions are all with CVA glyphs. The conditions within each colored group show the result of changing the density while keeping the other two factors constant. Note that all four low density conditions (1,000 glyphs/m 3 ) appear both objectively and subjectively difficult. Also note the apparent beneficial difference that CVA glyphs make in the densest, cluttered conditions (i.e., compare the green boxes to the purple ones). Furthermore, it is interesting to see that the participants' subjective perceptions of difficulty are similar to the objectively measured errors. using CVA, are significant. The significant p-values here range from F 1,16 = 5.48, p = 0.032 (clutter-CVA interaction) to F 4,64 = 50.54, p = 3.95 · 10 −19 (density main effect). For instance, there are significant differences among the specific test conditions (three-factor interactions), as well as significant overall differences caused by the main effects and various combinations of the main effects. The results with respect to perception difficulty, selection difficulty, and sensitivity show significant effects and interactions in mostly the same places as the box error.
The completion time shows few significant effects compared to the other response variables. The main significant effect is that trials with clutter are significantly slower to complete than those without clutter, F 1,16 = 27.51, p = 8.02·10
−5 . One main trend of the results is that participants found it difficult to perceive the box structures in the lowest density cases with 1,000 glyphs/m 3 . These cases were significantly more difficult than the other tested conditions, except for the cluttered, 100,000 glyphs/m 3 case without CVA glyphs, which turned out to be the most difficult tested condition, no matter what response variable is considered. Another main trend is that the scenarios with the highest densities and no clutter were significantly easier than most of the other tested conditions.
The main goal of the experiment was to investigate the five proposed hypotheses. This means that instead of trying to understand every significant difference in the dataset, we have chosen to only investigate those in detail that matter the most to the hypotheses. 5.2.2 Hypotheses 1 and 2. H1 stated that the use of CVA glyphs would help users to perceive and reproduce the displayed structures more precisely in cluttered environments.
Investigating this with respect to the structure perception first, the main variable to look at is the reported perceptual difficulty. With respect to perceptual difficulty, CVA in itself is a significant effect, F 1,16 = 5.98, p = 0.026. Interestingly, this means that across all tested conditions, the participants actually felt that it was easier to perceive structures with CVA glyphs than without. If we check how CVA glyphs fare in the most cluttered environments-that is, those with clutter and the highest structure density, we conclude that CVA glyphs do indeed make a significant difference. A paired t-test reports t 33 = 7.39, p = 1.75 · 10 −8 . The visual difference caused by CVA in this situation was the one illustrated in Figure 1 .
If H1 is investigated using the objective box error, we find that CVA makes a significant beneficial difference (t 33 = 5.46, p = 4.75 · 10 −6 ) in the most dense, cluttered condition, although not as a general main effect. Investigating H1 with respect to the reported selection difficulty shows the same result (t 33 = 5.27, p = 8.4 · 10 −6 ). In terms of sensitivity, we get t 33 = −4.29, p = 1.48 · 10 −4 . This means that once the amount of clutter becomes very high, effectively covering the view of an otherwise welldefined structure, CVA glyphs make a significant difference no matter how we have chosen to measure the difficulty of the task. However, contrary to the statement of H1, CVA does not make a significant difference in general in cluttered environments. The correct statement of a revised H1 would therefore be that CVA glyphs help the perception of structures in cluttered environments where occlusion of the structure otherwise becomes dominant.
H2 stated that using CVA glyphs would not cause perceptual problems compared to rendering the glyphs in the natural way. From the preceding analysis of H1, H2 is already supported by the data. Perhaps the most surprising result here is that generally when using the participants' subjective opinions about the difficulty of perceiving and selecting structures, CVA glyphs turn out to be significantly better to use than regular glyphs. When measured using the objective box error, there is no significant difference across all scenarios. This means that CVA glyphs do not reduce people's objective ability to create the correct box around a structure, whereas they subjectively perceive it as being significantly easier with CVA glyphs. Thus, H2 is supported based on the available data.
5.2.3 Hypotheses 3 and 4. H3 stated that there exists a lower density threshold below which structure perception becomes more difficult. To test this, the main factor of interest is density. The performed ANOVA shows that this factor is significant with respect to all measured response variables except for completion time, all p 0.001. Digging into the pairwise comparisons made by a Tukey's HSD comparison shows that the participants find the density level of 1,000 glyphs/m 3 more difficult than all other density levels no matter what response variable is used (except for completion time). The p-values here range from p = 0.005 to p < 0.001. The only interpretation of this must be that a lower threshold level (or, more likely, a threshold range) exists somewhere between 1,000 and 5,000 glyphs/m 3 , which causes the perception of a shape from a discrete set of glyphs to become much more difficult, if not impossible. H3 is therefore unambiguously supported by the data.
H4 postulates the existence of an upper density threshold, above which structure perception becomes easier. Investigating the data shows significant differences between 10,000 and 50,000 glyphs/m 3 for the response variables box error, perception difficulty, and sensitivity-p-values in the range p = 0.044 to p < 0.001. This means that the desired threshold probably lies between 10,000 and 50,000 glyphs/m 3 . The only response variables not indicating the threshold to be at the same location is the self-reported selection difficulty that produces a significant difference between 5,000 and 50,000 glyphs/m 3 . Since this range mostly overlaps the range indicated by the other response variables, it seems most reasonable to say that more than 10,000 glyphs/m 3 are needed to significantly improve structure perception. Thus, H4 is found to be in agreement with the data.
5.2.4 Hypothesis 5. The final hypothesis, H5, stated that the use of CVA glyphs would change the density thresholds postulated by H3 and H4. To investigate this hypothesis, the interaction term between CVA and density is of interest. This interaction was significant with respect to all response variables except for completion time. The box error shows that the threshold between 1,000 and 5,000 glyphs/m 3 vanishes when CVA glyphs are used. Conversely, the significant difference between 10,000 and 50,000 glyphs/m 3 vanishes without CVA glyphs. The broad interpretation of this must be that at low densities, the familiar relative size depth cue is more useful than the CVA property, but at higher densities CVA provides better structure perception. For instance, the thresholds have been moved or smoothed out by the use of CVA. The reported perception difficulty also shows that with CVA glyphs enabled, the significant difference between 1,000 and 5,000 glyphs/m 3 disappears. However, the threshold between 10,000 and 50,000 glyphs/m 3 remains significant. Thus, perceptually, the use of CVA glyphs has made the low-density cases more similar. With the subjective selection difficulty, the results of the analysis gives the same conclusion as the box error-in other words, that CVA glyphs make it easier to select glyphs at high densities but make no difference at low densities. The sensitivity thresholds are unaffected by the use of CVA glyphs. Thus, the conclusion about H5 must be that the use of CVA glyphs generally has an effect on structure perception density thresholds.
DISCUSSION AND CONCLUSION
In summary, this article has made the following contributions:
(1) The introduction of CVA glyphs-a novel approach to 3D glyph rendering-where glyphs are rendered such that the individual glyphs always appear with the same pixel coverage on-screen. This property is very useful when combined with perspective projection. (2) An analysis of the the perceptual consequences of CVA glyphs based on current theories, particularly why CVA glyphs have the potential to be useful as a clutter management technique in VDM of 3D scatterplots. (3) A discussion of various issues related to the technical implementation of CVA glyphs was given, arriving at the conclusion that point sprites are probably the best, currently feasible implementation option. (4) A demonstration through a rigourous experiment carried out in an immersive virtual environment that CVA glyphs do indeed have the expected advantages over regular glyphs, especially in conditions featuring a lot of occlusion from clutter. (5) Identification of possible threshold regions of glyph densities that significantly change participants' ability to perceive structures inside a set of discrete 3D glyphs.
The fact that CVA glyphs not only turned out to be usable, but in many cases superior to glyphs rendered in a more natural way, is an interesting result in itself. This means that the loss of the realworld relative size depth cue can be an advantage in applications, where data is visualized in personal space-that is, within a couple of meters from the viewer. Further testing is needed to see how CVA glyphs perform in the action and vista spaces. This result is made even more valuable by the fact that the proposed CVA glyphs not only outperformed traditional glyphs in very cluttered conditions but also generally did not perform any worse than realistic glyphs in other conditions. One reservation to keep in mind about these results is that the recruited participants were predominantly male university students. It is therefore an interesting future prospect to see if these results also generalize to a broader population.
One interesting but informal observation made during the course of all trials of the experiment is that only 3 out of 17 participants noticed anything unnatural about the CVA glyphs. Furthermore, nobody made any statement that the CVA glyphs were annoying or unpleasant. The participants had no problems in using the clutter-dispersion and structure-solidification properties of CVA glyphs, which seemed quite natural to them. CVA glyphs also turned out to be advantageous in that the interactions needed for reproducing the structure boxes were more manageable in the very cluttered cases. This observation, made by several of the participants, is caused by the fact that the clutter-dispersion property of CVA glyphs also causes the user-controlled cursors to be more easily visible through the clutter.
Finally, the density thresholds found through the experiment are not only useful for CVA glyphs; as well, the thresholds provide general knowledge that can be used in planning the sampling density of data for any 3D scatterplot rendering if the goal is to have the viewers perceive shapes and structures in the plot.
